One commonly used rat fracture model for bone and mineral research is a closed mid-shaft femur fracture as described by Bonnarens in 1984. Initially, this model was believed to create very reproducible fractures. However, there have been frequent reports of comminution and varying rates of complication. Given the importance of precise anticipation of those characteristics in laboratory research, we aimed to precisely estimate the rate of comminution, its importance and its effect on the amount of soft callus created. Furthermore, we aimed to precisely report the rate of complications such as death and infection.
Introduction
Fracture models in rats are widely used as small-animal proof of concept in laboratory research. These models are of tremendous value, but the characteristics of an ideal model need to be analysed and its rate of complication well known. Therefore, an accurate knowledge of the chosen animal model is continuously useful from the conception of a study to the final interpretation of the results obtained.
One commonly used fracture model in the rat was described by Bonnarens and Einhorn 1 in 1984 based on a previous 1970 design by Jackson et al. 2 In this model, a fixed weight dropped onto a blunt guillotine creates a standardised closed midshaft fracture of the femur. The osteosynthesis is made before the fracture by using an intramedullary pin inserted through the knee in a retrograde fashion and subsequently bent in the trochanteric area. 1 Recently, this model has been simplified by using a single-incision approach from the proximal direction and by monitoring the insertion of the pin with fluoroscopy. [3] [4] [5] The main theoretical advantage of this model and its successive modifications is to create a standardised fracture with very low damage to the surrounding soft tissues. 1 All authors do not universally agree on the simplicity of this rat fracture model. Some have reported recurrent complications including death, misplaced fracture, excess comminution and deep infection. [6] [7] [8] [9] [10] [11] [12] [13] Moreover, it appears that comminution in different degrees has been particularly difficult to control for during analysis. [14] [15] [16] [17] As the degree of fracture comminution can affect the formation of callus, the relationship between the rat fracture model, the resultant comminution and the soft callus created should be characterised in order to increase the quality of laboratory research. To do so, we used a rat femur fracture model based on the Bonnarens description 1 to estimate the occurrence of comminution with a new fluoroscopy device and its relationship to the amount of early callus formed. We also aimed to report a precise rate of complications such as death and infection.
Our hypothesis was that there is a correlation between comminution and the amount of soft callus created in a rat model of femoral fracture based on the Bonnarens model. 1 The aim of our study was: a) to use a highresolution fluoroscopy device to estimate the amount of comminution; b) to determine the relationship between comminution and the amount of early callus; and c) to estimate accurately the rate of complication.
Materials and Methods
After the Institutional Animal Care and Use Committee (IACUC) approved the design of the study, we acquired 84 female Sprague-Dawley rats (Harlan Laboratories, Indianapolis, Indiana). The animals were 12-weeks-old with a mean weight of 250.1 g (SD 8.1). They were housed and fed according to our national principles of laboratory animal care.
Pre-operatively, each rat was anaesthetised with inhalational anaesthetic (isofluorane 2.5% with oxygen 2 l/min; Baxter, Deerfield, Illinois), and a dose of general analgesia (buprenorphine at 0.01 mg/kg; American Regent Inc., Shirley, New York) was given intramuscularly. The rats were randomised to a left-sided or right-sided fracture by changing the side of the procedure every sixth rat. After depilating the rat's leg with an electric razor and cleaning it with an alcohol wipe, we made a 1.5 cm incision over the greater trochanter under aseptic conditions. The gluteus maximus was divided to reveal the insertion of the gluteus medius onto the greater trochanter. With an osteotome, a trochanteric osteotomy was made in order to elevate the tip of the greater trochanter and visualise the insertion of the pelvitrochanteric muscles. A sterile 1.1 mm Kirschner (K-) wire was manually inserted through the gluteus medius, then through the trochanteric fossa into the femoral canal, and subsequently threaded down to the level of the femoral condyles. We used a highdefinition fluoroscopic imager (LabScope; Glenbrook Technologies Inc., Randolph, New Jersey) to confirm the correct placement of the K-wire. We then cut the wire and bent it back onto itself. The spaces between both the gluteus medius and vastus lateralis and the incised gluteus maximus were closed with 5-0 absorbable sutures (Polysorb; Covidien Inc., Mansfield, Massachusetts). Finally, the skin was closed with surgical staples (Autoclip; Harvard Apparatus, Holliston, Massachusetts) and local anaesthetic (bupivacaine at 4 mg/kg, Hospira Inc., Lake Forest, Illinois) was injected at the incision site. Confirmatory fluoroscopy views of the femur with pin in place were taken in the lateral and anteroposterior (AP) views.
A blunt guillotine was used to create the fracture according to the concept previously described (Fig. 1 ).
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While still anaesthetised, the rat was placed in a lateral position, the pelvis against one anvil and the knee against the other anvil. The leg was maintained in this position with a self-locking 4.8 mm 12-inch zip-tie (Monoprice Inc., Rancho Cucamonga, California). As previously described, the rings were placed in a way that the motion of the blade was limited to 1.5 mm in order to avoid important soft-tissue damage. 1 A weight of 1.1 kg was dropped from 15 cm, generating a theoretical impact force of 1079.10 N. The fracture was assessed by two authors (JCA and RMC) from lateral and AP fluoroscopic views. If no fracture was created, the procedure was repeated with the same weight dropped from 20 cm, which generated a theoretical impact force of 1438.80 N. If no fracture was created after two successive drops, the rat was excluded due to the expectation of significant soft-tissue trauma.
After the surgeries, the rats were examined for bleeding, activity, feeding/drinking and leg weight-bearing twice daily. The rats were given systematic analgesia (buprenorphine at 0.01 mg/kg; American Regent Inc.) every 12 hours for a total of 48 hours coverage and further in case of pain.
Of the 84 rats were, a total of 57 were randomised to have callus manipulation at the seventh post-operative day. We decided to test the soft callus on the seventh day as this time point has been shown to be the peak timeframe of response to local trauma. 18 In these animals we removed the callus under magnification (Leica Microsystems GmbH, Wetzlar, Germany) and subsequently weighed it with a precision scale (Torbal; Fulcrum Inc., Clifton, New Jersey). 18 As endpoints, we reported the mean duration of each surgery and the number of drops needed to create the fracture. All fractures were analysed with two fluoroscopy views: the anatomical location, pattern, degree of pin bending in lateral and AP views and presence of comminution were reported for each fracture. For that step, three types of comminution were defined: 1) no comminution: no third fragment detected on the two fluoroscopy views; 2) slight comminution: small fragments all with a smaller size than the pin diameter (i.e. < 1.1 mm); and 3) important comminution: ≥ one wide fragment larger than the diameter of the pin (i.e. > 1.1 mm). By definition, we excluded from analysis every fracture meeting at least one exclusion criteria among the following: oblique, proximal, distal, important comminution or displacement > 1 mm. Finally, the mass of callus material extracted at day seven in the callus manipulation group was recorded and correlated afterward with the degree of comminution previously described. Statistical analysis. Statistica software (StatSoft Inc., Tulsa, Oklahoma) was used to perform the analyses. We used a Mann-Whitney rank-sum order test to compare the group without comminution and the group with slight comminution. Any relationship between comminution and amount of callus was estimated by a Pearson correlation test. Standard errors were reported with standard deviation (SD) and p-values < 0.05 were considered to be statistically significant.
Results
A total of 84 fractures were created. The mean operating time was 34.8 minutes (SD 9.8). All but one of the fractures were obtained from the first drop and the remaining fracture from a second attempt. The fracture created was acceptable (i.e. transverse, midshaft, without significant comminution and with displacement < 1 mm) in 74 rats (88%). In ten rats (12%) the fracture was unacceptable and these were therefore excluded, including seven rats scheduled for callus manipulation.
In the 74 included fractures, the mean angulation of the pin was 2.4° (SD 4.7) and 6.8° (SD 8.9) in the lateral and AP planes, respectively. There was no fluoroscopic evidence of any degree of fracture comminution in 27 (37%) while the remaining 47 fractures (63%) exhibited slight comminution, as previously defined. Two complications occurred: one death and one deep infection. Both of the rats had a fracture without any comminution but were excluded from the further statistical analysis.
The fracture was unacceptable in seven of the 57 animals randomised to callus manipulation and were excluded, leaving 50 rats who underwent second surgery comprising removal of soft callus and weighing (Table I) . The mean weight of removed callus was 0.077 g (SD 0.034). In the fractures with no comminution (n = 18) the mean weight of the removed callus was 0.060 g (SD 0.017), significantly less than that seen in the slightly comminuted fractures (0.079 g (SD 0.028)) (p = 0.015) (Fig. 2) . The Pearson correlation coefficient between slight comminution on fluoroscopy and weight of callus gave an r-value of 0.35.
Discussion
The rat model of fracture described by Bonnarens and Einhorn 1 is a commonly used model in the literature. It has several appealing characteristics. First, the rat femur has proven be the most suitable bone for biomechanical testing in a small animal. 19 Secondly, the fracture is created in a closed fashion with very low damage to the surrounding soft tissues. 1 This characteristic allows the preservation of the early biological response to trauma, which is not the case of other fracture models that use an open midshaft femoral osteotomy. 1, 20 Thirdly, the model is very effective; all of our fractures but one were created on the first drop, and the remaining animal showed no apparent consequences in term of soft-tissue damage, comminution or ambulatory restriction. Finally, the intramedullar pinning provides a rigid fixation and preserves a nearly normal ability for the rat to walk, which makes it preferable to other options for fracture fixation, such as an external fixator. 21, 22 Some authors in the literature have used other devices to create a closed midshaft fracture. The two main alternate options are the manual creation of the fracture, or a three-point bending device. [22] [23] [24] [25] However, those present two important differences from the blunt guillotine. First, they create a progressive bending that crushes the soft tissues surrounding the fracture site, potentially jeopardising the initial inflammatory response to the fracture. 1, 18 Secondly, the energy needed to create the fracture is not perfectly controlled when considered in comparison with a dropping tower, which delivers a highly standardised amount of energy. 1, 23, 24 For these reasons, we recommend the use of a blunt guillotine as designed by Bonnarens and Einhorn. 1 Originally, two surgical approaches were used. 1 A knee approach was made to insert the K-wire in the femur, followed by the trochanteric approach to pull out and bend the K-wire. Some authors reported later that the trochanteric approach alone could be sufficient to perform the entire process, with advantages of limiting the occurrence of complications related to the knee approach such as condyle fracture, knee infection and pain. 3, 4 However, the proximal entry point for the K-wire is hard to estimate because of the peculiar bending of the femur in the AP plane (Fig. 3) . In order to place the intramedullary pin accurately, we used a partial trochanterotomy to expose the trochanteric fossa and accurately locate the exact entry point for the K-wire. This approach proved to be fast and safe, with only one deep infection reported. Moreover, all the rats of the study ambulated within 24 hours after awakening. Finally, to the best of our knowledge, there is no evidence showing any correlation between trochanteric approach and bone healing of the femur diaphysis. These two parts are distant and never operated on in the same time.
The quality criteria used to assess a fracture created from an animal model are usually its anatomical location (proximal, midshaft or distal), its pattern (transverse, oblique or spiroid), the K-wire placement (intramedullar or misplaced), the resultant bending of the K-wire and the absence of important comminution. In our series, 74 rats (88%) met all those criteria while the ten remaining animals (12%) exhibited at least one of the unacceptable criteria. However, we reported a significantly higher mean bending of the K-wire among the acceptable fractures than the original description. 1 In fact, Bonnarens and Einhorn 1 reported an average bending of 1.8°( SD 2.8°) but the angulation was calculated only in the lateral plane. Our more prominent bending in the AP plane (6.8° (SD 8.9)) could be explained by the lateral impact of the blunt guillotine on the thigh. In fact, we observed numerous fractures without any bending in the lateral plane but a significant one in the AP plane (Fig. 3) . Given the fact that significant bending could jeopardise the safe removal of the K-wire and any further biomechanical testing, we recommend that the bending should be systematically assessed in both planes.
To the best of our knowledge, this study is the first to assess the fracture created from an animal model with a high-resolution fluoroscopy device. In the authors' opinion, comminution is hard to estimate with the use of a low-resolution imaging device. With subsequent improvements in available technology, digital fluoroscopy with high-resolution images has become available, making the description of the comminution created more accurate. As no comminution classification is reported in the literature about small animal model of fracture, we decided to separate it into three categories: no comminution, slight comminution and important comminution (Fig. 3) . Unfortunately, this description is highly subjective. While important comminution is obvious to detect and generally leads to the exclusion of the subject (Fig. 3) , slight comminution requires an attentive examination of all the planes and questions the potential consequences on the results of the experiment (Fig. 4) . In fact, we noticed several recent studies that reported an increasing observation rate of slight comminution in their subject and some studies that displayed histological slides showing fractures with slight comminution. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Finally, we tried to evaluate the potential influence of slight comminution on the bone healing process in a small animal model of fracture. We estimated that the later the chosen endpoint would be, the smaller the differences we would be able to detect. With the growing importance of research about drugs testing the bone formation early after fracture, we decided to evaluate the relationship between the slight comminution and the amount of early callus created at its peak of response to the trauma, which is believed to be seven days after the initial trauma. 18 Using a Mann-Whitney rank sum order test, we found a statistically significant difference between the amount of callus produced after a slightly comminuted and a non-comminuted fracture (p = 0.015). This finding suggests that slight comminution could have an influence on the early phase of fracture healing, but its influence of the final healing is still unclear. We did not find any statistical link between comminution and sidedness of the procedure, AP or lateral pin bending, duration of surgery, or the weight of the animal.
One limitation of our study is the removal of the soft callus with magnification. While there is no way to be sure that the entire soft callus was removed from the surrounding soft tissues, we dissected the callus in each rat in this group in a blinded fashion, and a subsequent histological analysis was randomly performed in each group to control the quality of the harvesting (Fig. 5) , as shown previously. Fluoroscopic images showing an example of slight comminution in an acceptable fracture with fracture sites magnified.
Fig. 5
Histological image of soft callus harvesting at day seven (Masson's trichrome staining). Note the presence of mesenchymal stem cells (green arrow), fibroblasts (yellow arrow), collagen fibers (red arrow) along with hypertrophic and proliferating chondrocytes (pink arrow). Note also the absence of any surrounding soft tissues (original magnification ×25).
In summary, we used the most common rat femoral fracture model to detail the comminution expected after the creation of the fracture and accurately estimate the rate of complications. We also reported a statistical relationship between the presence of slight comminution and the amount of early callus created. Finally, we suggest that an accurate estimate of the comminution should be considered when an animal fracture model is used to estimate the early post-fracture healing process in laboratory research.
